Carbon materials decomposed by low temperature have a higher surface area and contain micro-holes and thus have a larger lithium storage space. In this study, the natural bamboo carbon powders were used as the experimental materials to process the hydrothermal method with the post-treatment. The results show that Fe 3 O 4 thin films are formed on the surface of carbon particles. After charge-discharge testing, it was found that the powders not only increased the capacity, but also improved the irreversibility. With increasing the concentration (0:05$0:25 M), the coating particles became coarse and the thickness of Fe 3 O 4 nano thin films increased. Notably, the C-0.05Fe powder had a better charge-discharge cyclability.
Introduction
Carbon materials have the benefits of low-cost, excellent cycle life, safety etc., but the capacity of commercial carbon materials is lower than the theoretical capacity of graphite (372 mAhg À1 ), 1) so the development of anode materials with higher capacity and excellent cycle life is an important issue on lithium batteries. 2, 3) Bamboo carbon possesses small bio-holes and a larger surface area. Therefore, the lithium storage space is greater than that of the graphite. In addition, FeO compounds have good bonding property and thermal stability, and it possessed the workability that made carbon combined with FeO compounds. Notably, an investigation of bamboo carbon as an anode material, even a FeO coating has not been performed.
In this study, natural bamboo carbon was used as a negative electrode and the surface mechanism of the bamboo carbon was modified with Fe 3 O 4 nano phases by using the hydrothermal method. 4, 5) In addition, not only were explored the charge-discharge characteristics of the carbon before and after the hydrothermal modification, but also were established the effects of the concentration of iron ions (0$0:25 M) and the coating mechanism. Also, the relation between Fe 3 O 4 films with natural bamboo carbon and the charge-discharge cycle life was defined.
Experimental Procedures
The Moso bamboo (produced in Nantou County, Taiwan) was prepared by sintering at 750 C. The particle size was controlled below 10 mm by ball milling processes for 6 h (the powder was defined as C). The 0.05 M and 0.25 M Fe(NO 3 ) 3 aqueous solutions were formulated and then mixed with bamboo carbon powders respectively using hydrothermal treatment at 150 C for 6 h. After dried and filtered, the powders were sintered at 450 C for 2 h in a vacuum furnace (1:3 Â 10 À3 Pa). Two modified powders (0.05 M; 0.25 M) were defined as C-0.05Fe and C-0.25Fe.
The morphology of the powders (C, C-0.05Fe, C-0.25Fe) was examined by using SEM, and the powder structures were Identified by using XRD. The velocity of scanning was 2 min À1 and the range was from 10 to 80 . Also, the structural differences of the modified carbons were compared with each other by using Raman spectroscopy. The specific surface areas of the powders were measured by using BET method (ASAP2020). The particle size of powders was measured by using a particle size analyzer.
The electrochemical testing was performed with a twoelectrde half cell. The working electrode was carbon, and the counter electrode was lithium metal. The electrode was prepared by mixing 90 wt% carbon, 6 wt% PVDF and 4 wt% conductive carbon black were dissolved in NMP. The slurry was coated onto the copper foils (15 mm), and the coated films were dried at 100 C for 2 h and cut into 13 mm in diameter. The electrolyte was 1 M LiPF 6 in EC + DEC (1 : 1 by volume).
2)
The cells were measured in the condition of 0.1C discharge (intercalation) and 0.1C charge (deintercalation) in the first three cycles. In addition, the cycle life testing was controlled at 0.1C discharge and 1C charge (0:01 V$2 V at room temperature). The cyclic voltammetry (CV) was controlled at 3 V and 0 V (0.1 mV s À1 ). Electrochemical impedance spectroscopy (EIS) was performed at the frequency of 1 MHz$0:01 Hz. Figure 1 shows the morphology of the bamboo carbons after ball milling. The surface image of the particles is irregular and smooth. The result of BET was 201 m 2 g À1 and particle size was 5.6 mm. Figure 2(a) shows the morphology of C-0.05Fe powders (0.05 M). Fine particles are formed on the surface but they are not obvious due to the low concentration of modification (Fig. 2(b) ). When the concen-tration increases (from 0.05 M to 0.25 M), the particles become larger and more rough on the surface of C-0.25Fe powders (Fig. 3(a)(b) ). EDS analysis of the particles (Fig. 3(b) ) generated by modification on the surface of C-0.25Fe powders is shown in Table 1 . It was confirmed that the particles were iron oxides. To understand the structure of these iron oxides, XRD of the modified powders was carried out.
Results and Discussion

Microstructure of powders
XRD is shown in Fig. 4 and the carbon (C) was found to have a disordered structure. The diffraction peaks at (002) and (10) are broad, and indicate that some hexagonal carbon layers were stacked. Also the intensity of the peak was higher in the low-angle regions, revealing that the carbon materials had microporous characteristics. 6) In addition, the volume ratio of the Fe 3 O 4 phase of the two modified powders (C-0.05Fe and C-025Fe) increased with increasing the modified concentration. It is worth noting that the sintering performed at 450 C (<1000 C) had no effect of graphitization.
7)
Judging from the above, we may say that the carbon powders modified with Fe 3 O 4 phases possessed a better bonding. Compared with non-coating carbon, the coating carbon has higher stabilization. Table 2 shows the initial charge-discharge capacity and the irreversibility. For both the modified powders and unmodified powders, the capacities are greater than the theoretical capacity of graphite (372 mAhg À1 ). The C-0.25Fe shows the highest capacity (551 mAhg À1 ) of all the carbons and its irreversibility is 48%, which is less than the original carbon (53%). The irreversibility was close to decomposition of electrolyte and electrode. It is the main reason that the carbon powders have larger surface area, and the SEI (Solid Electrolyte Interface) layers reacted to increase. So Fe 3 O 4 coating slowed down the reaction between the carbon electrode and electrolyte. In addition, Table 2 shows that the content of oxygen was about 13 at%. It is clear that lithium ions inserted into the powders, resulting in a reduction of oxygen, and the irreversibility was not improved obviously (only reduced 11%). [8] [9] [10] Figure 5 shows the first charge-discharge curves of the carbon. The discharge (intercalation) curve of the C powder has three zones of 1:5 V$0:75 V, 0:75 V$0:25 V and 0:25 V$0:01 V. For the 0.75 V zone, there is a turning point revealing that SEI layers were produced through the reaction between carbon materials and the electrolyte. Also, lithium ions were adsorbed into the micropore at 0.01 V. On the other hand, the charge (deintercalation) curve has three zones of 0:01 V$0:8 V, 0:8 V$1:3 V and 1:3 V$2 V. The zone of 0:8 V$1:3 V rises slowly, during which lithium ions were desorbed from the micro-holes. [11] [12] [13] Because the structures of the nature carbons are loose structures, we improved the performance of bamboo carbon using coating FeO compounds. Speaking of the modified powders, the chargedischarge curves of C-0.05Fe and C-0.25Fe are similar. The difference compared with C powder is that the discharge curve has a longer platform at 0.8 V. This reveals that lithium ions intercalated into Fe 3 O 4 and the iron ions were returned to iron atoms, and Li formed Li 2 O. 14) We would like to stress that the nano-iron clusters which dispersed in the Li 2 O organization. This effect increased capacity in the end period of discharge. During charging, the nano-iron clusters were oxidized to Fe 3 O 4 . When SEI layers formed, Fe and Li 2 O were isolated so that the discharge reaction was inhibited, and result in degradation of the capacity. 15) Figure 6(a) shows the cyclic voltammetry (CV) of the C powders. When discharges in the first cycle, there is an apparent shoulder at 0.7 V and no obvious reduction peak. The results suggest that a large number of lithium ions intercalate into carbon materials, resulting in the sharp peak and larger current which appeared below 0.2 V.
Charge-discharge properties
16) The curves of cyclic voltammetry (CV) gradually stabilized after the 2nd cycle. Both the modified powders of C-0.05Fe and C-0.25Fe (Figs. 6(b)(c) ) had an obvious shoulder at 0.8 V and clear reduction peaks were at 0 V and 0.4 V.
We can ensure fairly that a large number of lithium ions intercalated into carbon materials and Fe 3 O 4 coating nanothin films also contributed to the reaction. Notably, the peak current of C-0.25Fe is higher than C-0.05Fe at 0.4 V because C-0.25Fe had a thicker Fe 3 O 4 film (Fig. 2 and Fig. 3 ). After the 2nd cycle, the curves of cyclic voltammetry (CV) became gradually stable. The reaction potentials changed because of the formation of SEI layers and the redox of Fe 3 O 4 . The Capacity (mAh /g) reduction peaks are at 0 V, 0.7 V and 1.3 V respectively. However, the anodic peaks do not change (0.6 V; 1.6 V) and the effects of modification can be explained by cyclic testing.
Cyclical characteristics
To understand the charge-discharge cyclic characteristics of carbon and modified carbons, electrochemical impedance spectroscopy (EIS) was carried out after the 1st and 10th cycles. Figure 7(a) shows that the impedance of the C powders after the 10th cycle was lower than that of the 1st cycle. This indicates that with the charge-discharge running, the SEI layers became stable gradually and more conductive. 17) With respect to modification, Figures 7(b)(c) show the electrochemical impedance spectroscopy of C-0.05Fe and C-0.25Fe. In contrast to Fig. 7(a) , the impedances of C-0.05Fe and C-0.25Fe are lower than C powder in the first cycle. The main reason is that carbon form a higher conductive interface to improve the intercalation and deintercalation of lithium ions after coating. After charging and discharging for 10 cycles, the impedance had scarcely changed. Furthermore, the volume ratio of Fe 3 O 4 of C-0.25Fe was larger than C-0.05Fe on the surface. Some of the Fe 3 O 4 easily was changed into non-active substances during the charge-discharge stage. In this way, the impedance of the C-0.25Fe became higher than the C-0.05Fe in the 1st cycle and 10th cycle.
The charge capacity as a function of cycle numbers is shown in Fig. 8 . Because the SEI layers of the first three charge-discharge cycles were not fully formed, the cyclic degradation was fast. With increasing in the number of charge-discharge cycles, the increasing current resulted in a decline in capacity and reduction in the cycle life. In addition, the coulomb efficiency was above 98 percent during cycling, which indicates that the surface structure of the carbon was stable. 8) Notably, comparing with capacity after the 10th cycle, we found that C-0.05Fe powders modified with low concentration had a better cyclability than the other carbons. But the cycle life of the C-0.25Fe powders (high concentration) was lower than that of the C powders. This shows a close relationship between the modified structure and the cycle life. To put it plainly, more Fe 3 O 4 phases were formed on the surface of C-0.25Fe, and the non-active material derived from Fe 3 O 4 . This hindered lithium-ions to migrate in the reverse oxidation and reduction, resulting in the deterioration of cycle life. With regard to potential applications of lithium batteries, when the high concentration modified powders had better initial properties, their cycle life deteriorated. 
Hydrothermal modified mechanism
After the smoldering of bamboo, bamboo carbon may have a small amount of high crystalline carbon in the thinwalled area of pore structures. To understand the structural differences between carbon and modified carbon, 18) Raman spectra were compared (Fig. 9) . Because the G-band (1589 cm À1 ) and D-band (1355 cm À1 ) of C and C-0.05Fe were similar, the structural differences between the C and C-0.05Fe can be inferred to be small. The C-0.25Fe had a lot of Fe 3 O 4 phases on the surface, so the G-band and D-band were not obvious. Moreover, the index of crystalline of carbon on the surface can be decided by R value (R value is calculated with the G-band and D-band intensity (R ¼ I D =I G ), and a higher R value represents a worse degree of crystallization 19) ). The R values of C, C-0.05Fe and C-0.25Fe were 0.88, 0.82 and 0.67 respectively. This indicates that the surface of C-0.25Fe had the highest crystalline, compared with the XRD (Fig. 4) . This can be interpreted to mean that the thickness of Fe 3 O 4 on the surface of C-0.25Fe is greater than that of C-0.05Fe. This is why the G-band and D-band of C-0.25Fe are not obvious. Charge capacity (mAh /g) C C-0.05Fe C-0.25Fe Fig. 8 Cycle performance of C, C-0.05Fe and C-0.25Fe, which were subjected to the first three cycles at 0.1 C-rate and consecutive cycles at 1C-rate.
In fact, the modification mechanism had an influence on the charge-discharge characteristics. The bamboo carbons are applied in the lithium batteries which have smaller voltage range. Figure 10 is a schematic illustration of the natural bamboo carbon modified with Fe 3 O 4 film. In the early stage, low concentration Fe 3 O 4 was coated on the surface of carbon with a granular pattern, and the effect of modification had contributed to the charge and discharge. With increasing the modified concentration, the Fe 3 O 4 films became thicker and the grains grew larger. Notably, the layer modified by using the hydrothermal method had better crystallization to improve the charge-discharge properties. But the higher concentration coating not only made the interface structures deteriorate, but also decreased the cycle life.
Conclusion
(1) Natural Moso bamboo carbon possesses small bio-holes and larger surface area. After the surface was modified, Fe 3 O 4 films formed and the volume ratio of Fe 3 O 4 film increased with increasing the modified concentration. Thicker Fe 3 O 4 films restrained the G-band and D-band of Raman spectra. (2) Higher concentration modified powders had a higher peak current, but the cycle life deteriorated. The C-0.05Fe modified powders had a better cyclability and lower impedance than the others, and the charge-discharge capacity and irreversibility were improved. The Charge-Discharge Characteristics of Woody Carbon Modified with Fe 3 O 4 Nano Phase Using the Hydrothermal Method
